We analyze the doping dependence of the intensity and energetical position of shadow states in high -T c superconductors within the 2D Hubbard model and using our recently developed numerical method for the self consistent summation of bubble and ladder diagrams. It is shown that shadow states resulting from short range antiferromagnetic correlations occur for small but finite excitation energies which decrease for decreasing doping, reflecting a dynamically broken symmetry with increasing lifetime. Simultanously, the intensity of these new states increases, the quasiparticle dispersion is strongly flattened, and a pseudogap in the density of states occurs. Finally, we discuss the importance of flat bands at the Fermi level and nesting of the Fermi surface as general prerequisites for the observability of shadow states.
The electronic excitation spectrum of high-T c superconductors and its relation to short range antiferromagnetic correlations are currently of special interest, since it reveals important information about the possibility of a spin fluctuation induced pairing mechanism.
Here, the observation of shadows of the Fermi surface (FS) for Bi 2 Sr 2 CaCu 2 O 8+δ 1 by
Aebi et al. is intensively debated [2] [3] [4] [5] [6] . Using a new experimental technique to perform a FS mapping, Aebi et al. observed besides the main FS a shadow with lower intensity which is shifted by the wave vector Q = (π, π) with respect to the main FS. Due to the pronounced antiferromagnetic correlations of the cuprates 7, 8 and the absence of any indication of a structural origin of these new states in LEED experiments 1 , the corresponding (2 × 2)
superstructure is believed to be of antiferromagnetic origin 1, [4] [5] [6] . Nevertheless, it is a priori not clear whether the antiferromagnetic correlations with rather short correlation length are sufficient to produce new states, which one would have expected only for systems with long range order 2 . Therefore, important information about the magnetic origin of the shadow states might result from an experimental as well as theoretical investigation of the doping dependence of the shadow band intensity.
In this paper we present our results for the doping dependence of the spectral density and consequently of the shadow states using a new numerical method for the self consistent solution of the fluctuation exchange approximation (FLEX) 9,10 of the one-band Hubbard model on the real frequency axis. We show that the intensity and the lowest energy distance of the shadow states with respect to the Fermi level are closely intertwined and depend sensitively on the doping concentration. This is interpreted as a dynamical symmetry breaking where the lifetime of the symmetry broken state increases for decreasing doping concentration. Consequently, we argue that in the cuprates the transition from the paramagnetic to the antiferromagnetic state occurs on finite time scales rather gradually, although a sharp phase transition is still observable for even lower doping concentrations.
In order to achieve an appropriate description of the low energy spin fluctuations we use in the following the fluctuation exchange approximation (FLEX) introduced by Bickers and Scalapino 9,10 . This self consistent summation of all bubble and ladder diagrams is a conserving approximation in the sense of Baym and Kadanoff 11 . In particular, it takes into account the interaction of the quasi particles with spin fluctuations which are expected to be the dominating low energy excitations in the high-T c materials.
We consider the one-band Hubbard Hamiltonian
where, c † iσ is the creation operator of an electron at lattice site i and with spin σ. t ij is the hopping matrix element between sites i and j, µ is the chemical potential and U is the local Coulomb repulsion. The results presented below are obtained for nearest neighbor hopping t = 0.25 eV, U = 4t and temperature T = 63 K. The self-energy of this Hamiltonian within the FLEX-approximation, neglecting the particle-particle excitations which were shown to be of minor importance 10 , is given by the following momentum and Matsubara-frequency
where, N is the number of lattice sites. The effective interaction V k (iν m ) resulting from the summation of bubble and electron-hole ladder diagrams is given by
Here,
is the particle-hole bubble and ω n = (2n + 1)πT and ν m = 2mπT are the fermionic and bosonic Matsubara frequencies, respectively. Furthermore, the Greens function is given by the Dyson equation
These equations are analytically transformed to the real frequency axis yielding a set of equations for the Greens function G k (ω) and the self-energy Σ k (ω), which is solved self consistently 12 .
In Fig. 1 (a) we show our results for the spectral density ̺ k (ω) = − where the shadow states seem to be more sharp for an energy ω = 60 meV than directly at the Fermi level.
In Fig. 3 , we present our results for the doping dependence of the "van Hove" scale 
